In general, in the studies of transit light-curves and the Rossiter-McLaughlin (RM), the contribution of the planet's gravitational microlensing is neglected. Theoretical studies, have, however shown that the planet's microlensing can affect the transit lightcurve and in some extreme cases cause the transit depth to vanish. In this letter, we present the results of our quantitative analysis of microlening on the RM effect. Results indicate that for massive planets in on long period orbits, the planet's microlensing will have considerable contribution to the star's RV measurements. We present the details of our study, and discuss our analysis and results.
Introduction
In a transiting planetary system, aside from decreasing the flux of the light received from the star, the transiting planet may focus a portion of the light that has been blocked by the planet, through the microlensing effect (Einstein 1936 ). In general, in studies of transit lightcurves, the contribution of the planet's gravitational microlensing is neglected. However, it has been shown that in systems with massive or long period planets, the microlensing amplification of the stellar flux could be significant, and in the era of high precision photometric observations such as those with the Kepler, it could also be detectable (Sahu & Gilliland 2003; Agol 2003) . Using an analytical approach, Sahu & Gilliland (2003) have shown that in some extreme cases, the contribution of the light from the gravitational microlening may be even so large that the transit light-curve can vanish. This implies that in order to properly analyze the light-curve of a transiting system and derive its planetary parameters, the microlensing effect has to also be taken into account (Muirhead et al. 2013 ).
One important characteristic of a transiting system that can affected by planet microlensing is the RossiterMcLaughlin effect (RM effect). As a star rotates around its rotational axis, a given point on its surface will be blue-shifted when the star rotates toward the observer and red-shifted when it rotates away. During a transit, the corresponding rotational velocity of the portion of the stellar disk that is blocked by the planet is removed from the integration of the velocity over the entire star creating an anomaly in the Radial Velocity (RV) measurement of the star known as Rossiter-McLaughlin effect (Rossiter 1924; McLaughlin 1924) . This effect has been used to constrain the projected rotation velocity of a star (v sin i), and the angle between the sky-projections of the stellar spin axis and the planetary orbital plane (λ) (e.g., Hébrard et al. 2008; Winn et al. 2009 Winn et al. , 2010 Simpson et al. 2010; Hirano et al. 2011; Albrecht et al. 2012) . It is important to note the determination of v sin i and λ can be influenced by second order effects such as the convective blueshift (Shporer & Brown 2011) , the differential stellar rotation (Albrecht et al. 2012) , and the macro-turbulence (Hirano et al. 2011) . Fig. 1 . Top: Schematic configuration of the gravitational microlensing. Bottom: Schematic view of the coordinate system used in this study. The origin of the (x,y) coordinate system is at the center of the stellar disk. The quantity r p denotes the planet radius, and r * is the radius of the star.
Since the physics and geometry behind the RM effect is due to the transiting planet, they are expected to be affected by the microlensing effect in the same way. Probing the significance of microlensing on the measurements from the RM effect, and quantifying its influence is the main objective of this paper. In section 2, we describe the microlensing effect formalism and introduce our theoretical model. In section 3, we show the results of our simulations and discuss the significance of the effect of microlensing and its detectability. In section 4, we conclude our study and present its future applications.
Model
We consider a transiting planetary system and assume that the star is an extended source. The surface brightness of the star is considered to follow a quadratic limb darkening given by
In equation (1), µ = cos θ = [1 − (x 2 + y 2 )r −2 * ] 1/2 , and u 1 and u 2 are the stellar quadratic limb-darkening coefficients. We consider u 1 = 0.3 and u 2 = 0.35, similar to their values for the star HD 209458 in the wavelength range of 582 -638 nm (Brown et al. 2001) . We also assume that the lens (transiting planet) is an extended object, has zero brightness, and is spherically symmetric. We set the ratio of the planet's radius to that of the star (r p /r * ) to 0.1, which is similar to the ratio of the radius of Jupiter or a brown dwarf to that of the Sun. The planet is assumed to be on a circular, edge-on orbit. Because the maximum RM effect occurs when the planet orbit is aligned with the stellar rotation axis, we consider the misalignment angle to be zero (λ = 0.). We show the distances between the observer and the lens plane by D L , between the observer and the source plane by D S , and between the lens plane and the source plane by D LS (Figure 1 ). The radius of Einstein ring can be written as (Sahu & Gilliland 2003 )
where M L is the mass of the lens (planet), c is speed of light, and G is the gravitational constant. As an example, the Einstein ring radius of a Jupiter-mass planet at 1 AU from a star is ∼ 0.0013 R Sun . For an Earth-like planet at 1 AU, this value becomes ∼ 7.4 × 10 −5 R Sun . In a system similar to that described above, the distance between a point on the stellar disk and the projection of the center of the lens (planet) on the disk of the star can be written as
The lens produces two images of the point (x, y) along the line connecting this point to the center of the projection of the planet on the star's disk. These images are at distances
from the point of the projection of the center of the lens (planet) on the stellar disk, and are visible when they are not occulted by the planet (i.e., |d ± | > r p ) (Sahu & Gilliland 2003) . We, therefore, define a transmission function T (x, y) as to determine when the effect of the lensed-images have to be taken into account. The amplification caused by these images is given by (Sahu & Gilliland 2003) 
where δ = d/R E . In order to incorporate the effect of microlensing on the RV measurements (obtained from the RM effect) the profile of the cross-correlation function (CCF) has to be calculated using the following integral over the full stellar disk,
In this equation,
is the modified stellar surface intensity, and
is the velocity profile associated with each point (x, y) due to both the stellar rotation and macro-turbulence (Gray 2005) . The quantities σ and σ ⊥ in equation (9) are given by
where ζ is the macro-troublence velocity and is considered to have a value of ζ=3.98 km s −1 , equal to that of the Sun (Valenti & Fischer 2005) . The quantity σ 0 is the instrumental broadening which is set to approximately 2.2 km s −1 . This is equivalent to the broadening of a typical spectrograph with a high-resolution of R ∼ 110000 similar to that of HARPS. The velocity v(x, y) in equation (9) is defined as
where v CB is the convective blue-shift and is set to -300 m s −1 , similar to its value for the Sun (Shporer & Brown 2011) .
Calculations and Results
We considered a rotating star with v sin i = 10 km s −1 and a planet with a mass of 10M Jup . We set the value of D LS to 1 AU and let the position of the projection of the planet on the (x, y) plane vary from the outside of the disk of the star (1.2 r * ) to its center.
We used a gird of 4000 × 4000 cells on the (x, y) plane and calculated the integral of equation 7. By fitting a Gaussian function to F (v), we determined the center of CCF which corresponds to the value of RV that takes into account the combined contributions from the RM and microlensing effects. To determine the sole effect of microlensing on the value of RM, we carried out similar calculations considering the Einstein ring radius to be zero (R E = 0). By subtracting the results from the previous calculations, we determined the net contribution of the microlensing effect. Figure 2 shows the results. The bottom panel of this figure shows the difference between the two calculations and the contribution of microlensing effect to the RV measurements. As shown here, microlensing has its maximum contribution when the projection of the planet on the stellar disk is at a distance of 0.55 stellar radius from the center of star. Because we are interested in the maximum effect of microlensing, in the rest of this study, we hold the position of planet's projection at (x p , y p ) = (0.55 r * , 0).
To better understand the effects of difference parameters on the results, we carried out calculations for different values of the mass and orbital separation of the planet. The mass of the planet was taken to be 0.1, 0.5, 1, 10, and 50 M Jup with its lowest value corresponding to the mass of a Neptune-like object and its largest value being interpreted as the mass of a brown-dwarf. The orbital separation (D LS ) was varied from 0.25 AU to 3 AU in steps of 0.25 AU. We considered the rotational velocity of the host star to be v sin i = 2, 5, and 10 km s −1 (McNally 1965) . We also considered three detection limits for RV measurements: 50 cm s −1 for current facilities such as HARPS, 10 cm s −1 for observational facilities in the near future such as ESPRESSO@VLT (Pepe et al. 2010) , and 2 cm s −1 for instruments farther in future such as HIRES@E-ELT. As shown in figure 3 , the microlensing amplification will have significant contribution to the RM measurements of a massive planet in a long period orbit (a > 2 AU) when obtained from all the current and future observational facilities. For instance, in the case of a 10 Jupiter-mass planet in a 2 AU orbit around a star with v sin i = 10 km s −1 , the microlensing effect is about 1 m s −1 which is comparable to the effect of macroturbulence and convective blue-shift on RM measurements (∼ 3−4 m s −1 ) (Albrecht et al. 2012 ). In the case of a massive planet on relatively short-period orbit (< 1 AU), the results depend on the rate of the rotation of the star. If the star is fast rotating, the microlensing effect will be significant, otherwise for slow rotating stars, this effect will be at the detection limit of future facilities such as HIRES@E-ELT. We note that because the amplitude of the signal associated with the microlensing effect on RM measurements for a planet with a mass of 0.1M Jup and for all values of its orbital separations are smaller than 0.001 m s −1 , we excluded these cases from the figure.
We also probed the impact of the microlensing on the measured values of the misalignment angle (λ), and the stellar rotation velocity (v sin i) obtained from the measurements of the RM effect. Our results indicated that the misalignments angle will not be affected by microlensing. This is an expected results since the measurements of the misalignment angle are sensitive to the asymmetry of the RM signal, and the microlensing effect does not disturb the symmetry of this signal.
We would like to emphasize that in cases where the effect of microlensing is not negligible, both the light-curve of the star and the RM signal have to be modeled taking this effect into account. In such systems, when fitting the light-curve, ignoring the microlensing magnification will result in a planetary model in which the radius of the planet is smaller than its actual value. Despite such a discrepancy in the modeled radius of the planet, the v sin i obtained from fitting the RM signal is only weakly affected.
We note that in systems where the effect of microlensing is included in fitting the light-curve (Sahu & Gilliland 2003) , this effect must also be included in the modeling of the RM signal, otherwise the value of v sin i will be underestimated.
Analytical Analysis
Using the formalism presented by Ohta et al. (2005) , we have been able to derive an analytical formula that can roughly reproduce the results of our simulations. As shown by these authors, the averaged value of the radial velocity of the star is given by
To use equation (12) to determine the variation in the radial velocity (i.e., ∆RV) due to the microlensing effect, we recall that the microlensing effect depends only on the value of the Einstein radius R E . This quantity appears in the definition of d ± and A ± . Taylor expanding these quantities in terms of η = R E /d, one can show that
and
Equations (13) and (14) indicate that to the second order in R E , A − = 0 and A + = 1, implying that to this order of approximation, the image at d − has no contribution to either the light-curve or the RM effect. To the lowest order in R E , the microlensing effect simply increases the fraction of the stellar disk that is seen by the observer. In fact, for all points located behind the planet and at distances between r p (1−η 2 ) and r p from the center of the projection of the planet on the stellar disk, d + > r p implying that to the lowest order, the effect of microlensing is equivalent to reducing the value of the planet radius from r p to r p − R 2 E /r p . Using equation 12, one then obtains
The coefficient of proportionality in equation (15) can be determined using the results of our numerical experiment. The change in the radial velocity is, therefore, given by
Discussion and conclusion
In this study, we explored and quantified the contribution of gravitational microlensing to the measurements of the radial velocity during the transit of a planet (RM effect). We showed that the amplification of the RV signal due to the microlensing effect depends strongly on the mass of the planet and its orbital separation. The results indicated that the effect of microlensing is also significant for massive planets on long period orbits and is detectable with the current observational facilities. Our results showed that microlensing does not disturb the measurements of the misalignments angle caused by the RM effect. If when fitting the light-curve, this effect is taken into account, it should also be considered in the modeling of the RM signal, otherwise the value of v sin i will be underestimated up to several percent for extreme cases. We note that in such cases, the underestimation of the rotational velocity will be within the observational error, and thus undetectable. Most of the current RM surveys have been carried out on transiting systems that host planets in short period orbits. To better constrain models of planet formation, studies of the RM effect have to also include massive planets in long periods. As those planets orbit mostly fast-rotating stars [exoplanets.org], the contribution of microlensing to the measurements of their RM effect will become considerable, and detectable with future observational facilities such as ESPRESSO@VLT and HIRES@E-ELT. Fig. 3 . Maximum contribution of microlensing to the measurements of the RM effect for different combination of planet mass and the position of the projection of the planet on the disk of the star. From top to bottom, the stellar rotation velocity is equal to 2, 5, and 10 km s −1 , respectively. The detection limit of HARPS, ESPRESSO @ VLT and HIRES @ E-ELT are also shown for comparison.
